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a  b  s  t  r  a  c  t
The  contribution  of  carbon  assimilation  and  allocation  and  of  invertases  to  the  stimulation  of  adventitious
root  formation  in  response  to a dark  pre-exposure  of  petunia  cuttings  was  investigated,  considering  the
rooting zone  (stem  base)  and the  shoot  apex  as competing  sinks.  Dark  exposure  had  no effect  on  photo-
synthesis  and  dark respiration  during  the  subsequent  light  period,  but promoted  dry  matter  partitioning
to  the roots.  Under  darkness,  higher  activities  of  cytosolic  and  vacuolar  invertases  were  maintained  in
both tissues  when  compared  to cuttings  under  light.  This  was  partially  associated  with  higher  RNA  lev-
els  of  respective  genes.  However,  activity  of cell  wall  invertases  and  transcript  levels of  one  cell  wall
invertase  isogene  increased  speciﬁcally  in  the  stem  base  during  the  ﬁrst  two  days  after  cutting  excisionoot development
nzyme activity
ene expression
torage
under  both  light  and  darkness.  During  ﬁve  days  after  excision,  RNA  accumulation  of four  invertase  genes
indicated  preferential  expression  in  the  stem  base  compared  to  the  apex.  Darkness  shifted  the  balance  of
expression  of one  cytosolic  and  two  vacuolar  invertase  genes  towards  the  stem  base.  The  results  indicate
that  dark  exposure  before  planting  enhances  the carbon  sink  competitiveness  of  the  rooting  zone  and
that expression  and  activity  of invertases  contribute  to the  shift  in  carbon  allocation.
©  2015  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is an  open  access  article  under  the CC. Introduction
Petunia hybrida is one of the economically most important
rnamental plant species and a great proportion of plants are gen-
rated by vegetative propagation. The key developmental process
n determining its successful propagation is adventitious root (AR)
ormation in the stem base of leafy shoot tip cuttings. Stock plants
or cutting production of petunia and other plant species are culti-
ated in tropical regions or low latitude sites. After harvesting the
uttings, they are densely packed and transported to rooting sta-
Abbreviations: AR, adventitious root; cw, cell wall; cyt, cytosolic; DM, dry matter;
pe,  days post excision; dpin, days post insertion; FW,  fresh weight; INV, inver-
ase;  PN, net photosynthesis; PPFD, photosynthetic photon ﬂux density; RD, dark
espiration; vac, vacuolar.
∗ Corresponding author at: Leibniz Institute of Vegetable and Ornamental Crops,
epartment Plant Propagation, Kuehnhauser Strasse 101, D-99090 Erfurt, Germany.
ax: +49 0 36201 785250.
E-mail address: druege@erfurt.igzev.de (U. Druege).
ttp://dx.doi.org/10.1016/j.plantsci.2015.11.001
168-9452/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access
c-nd/4.0/).BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
tions in the main business markets of Central Europe and the USA
[1,2]. There, cuttings are rooted under low irradiation during win-
ter to provide plants to the consumers in spring and early summer.
The transport period is a necessary step within the production chain
of petunia young plants and usually takes place in the dark. Addi-
tionally, cuttings are intermediately stored usually in the dark at
reduced temperatures for collecting cuttings before rooting to cope
with the temporarily high demands for young plants of certain cul-
tivars [3]. Low temperature storage slows down plant metabolism
and extends shelf life of cuttings [4–6]. However, the storage poten-
tial of the plant is dependent on its genotype. Pelargonium has been
repeatedly described as storage-sensitive genus responding to dark
exposure with senescence of cuttings or insufﬁcient AR formation
thereafter [7–10]. A good storage tolerance was found for carnation
[11–13], chrysanthemum [14] and also for petunia [2]. Dark expo-
sure of cuttings of the petunia cv. ‘Mitchell’ strongly increased the
intensity of subsequent AR formation under light.
AR formation in cuttings is a multistage developmental pro-
cess, which is controlled by plant hormones particularly auxin [15]
 article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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cuttings were put in non-perforated bags in a cardboard box that
was stored in a dark cabinet at 10 ◦C.
For rooting, 16–20 cuttings per tray were inserted in per-
lite Perligran A with a particle size of 0–6 mm and a pH of
Fig. 1. Schematic presentation of the experimental set-up applied to study theY. Klopotek et al. / Plan
nd also depends on the availability of diverse resources in the
ooting zone. There, carbohydrates are particularly important for
roviding the energy and carbon skeletons to power and feed the
ell differentiation, development and growth of new roots [16–18].
n addition, carbohydrates may  directly control root development
ia modulation of gene expression and interaction with plant hor-
ones [13,18–20]. Interestingly, the level of sugars particularly of
ucrose and the partitioning between sucrose and starch in cutting
eaves seem to provide important bottlenecks for AR formation in
he stem base [9,10,14,21]. This stays in accordance with the out-
tanding role of sucrose as major carbohydrate fraction exported
rom source tissues and translocated to the diverse utilization and
torage sinks in the plant [22,23]. Carbohydrate levels in the cutting
issues are affected by the initial carbohydrate reserves [9,24] and
he current carbon assimilation during rooting by photosynthetic
ctivity [10,25–28].
Diminishing the carbon source is only one factor which might
imit AR formation. Differences in the strength among the diverse
arbohydrate sinks together with the activity of source to sink path-
ays additionally determine the channelling of assimilates to the
ifferent utilization and storage sinks in a plant [22,29]. Invertases
re important molecular drivers of sink strength, since they reduce
he sucrose pool by converting it into glucose and fructose, which
re further channelled into the metabolic pathways, and thereby
egulate utilization and storage of organic carbon. The activities
f invertases indirectly modulate gene expression via modifying
he level of hexoses that regulate cell cycle and cell division pro-
rams. In this context, invertases are already proven to be vital
or the establishment of “young sinks” such as ﬂowers and fruits
30]. Among the compartment-speciﬁc types of vacuolar inver-
ases (INVvac), cytosolic invertases (INVcyt) and cell wall invertases
INVcw), the latter are considered to have an outstanding role in
ink activity via modifying phloem unloading particularly in those
ink tissues that undergo cell division and elongation [29].
In petunia cuttings, the establishment of the new sink in the
ooting zone is an early metabolic key event involved in AR for-
ation at standard conditions under diurnal light [31,32]. During
he “sink establishment” phase, increased INVcw activity obviously
ontributes to an apoplastic unloading of sucrose, while simul-
aneous depletion of sugars indicates carbohydrate utilization in
he rooting zone. Recent studies of the response of cuttings of P.
ybrida ‘Mitchell’ to dark exposure revealed a decrease of sugar
evels in fully developed source leaves and the stem base during
he dark period of seven days, while formation of root meriste-
oids already started [2]. Interestingly, strong enhancement of AR
evelopment during the subsequent light period was associated
ith higher accumulation of carbohydrates particularly in the stem
ase during the ﬁrst three days post insertion (planting) of dark
re-exposed cuttings when compared to cuttings which did not
xperience dark exposure before planting [2]. The increased car-
ohydrate levels could be the result of increased photosynthesis
aused by possible feed-forward control of carbohydrate depletion
uring darkness [33–35].
The ﬁrst objective of this study was to evaluate, whether the
nhanced carbohydrate levels and root formation in the stem base
f dark pre-exposed cuttings is the outcome of a higher source
ctivity (net carbon assimilation) or of higher sink strength in
he rooting zone. This question was addressed by the analysis of
O2 gas exchange and of dry matter production and allocation
etween the shoot and root. Based on the results, we followed the
ypothesis that organ-speciﬁc activation of invertases is involved
n dark-stimulated dry matter allocation towards the rooting zone.
herefore, we monitored enzyme activities and RNA accumulation
evels in the stem base and in the shoot apex, which constitutes an
mportant utilization sink competing with the rooting zone.ce 243 (2016) 10–22 11
2. Material and methods
2.1. Plant material, growth conditions and treatment of cuttings
Seeds of P. hybrida cv. ‘Mitchell’ were sterilised and germinated
and stock plants were established as described by Klopotek et al.
[2]. Eighty potted stock plants (fertilised peat substrate: Einheit-
serde Typ ED-73 with Optifer, Patzer, Sinntal-Jossa, Germany) were
placed in the greenhouse and fertilised repeatedly with Hakaphos
special (16% N, 8% P2O5, 22% K2O, 3% MgO  + micronutrients, COMPO
GmbH Münster, Germany) following commercial horticultural
practice. Temperature and light in the greenhouse were controlled
as described [2]. The experiments were performed about three
months after the germination of the stock plants. Leafy cuttings
were excised from the stock plants four hours after commencing
the light period. Cuttings were obtained by using shoot tips con-
taining four to ﬁve leaves (Fig. 1), leaving two nodes of the shoot
on the plant [36].
The general experimental set-up is illustrated in Fig. 1. Control
cuttings, which were planted and exposed to diurnal light condi-
tions immediately after excision, were compared with cuttings,
which ﬁrst experienced a dark exposure for 7 days and there-
after were planted and exposed to diurnal light conditions. In the
results part, the term “dark” is used, when the dark-treated cuttings
are under the dark conditions, the term “post-dark” or “dark pre-
exposed” is used for the dark-treated cuttings when they have been
planted after the dark exposure and are cultivated under same diur-
nal light conditions as the immediately planted control cuttings.
Two time-scales were used (Fig. 1). Days post excision (dpe) refer
to the time when cuttings were excised. Days post insertion (dpin)
refer to the time when cuttings were inserted (planted) into the
rooting substrate perlite and exposed to diurnal light conditions.
The presented data involved six experiments (one on photosyn-
thesis, two on dry matter partitioning, two  on invertase activity,
one on RNA accumulation of invertase genes) focussing on different
speciﬁc phases of this experimental set-up.
Since the promotive inﬂuence of the dark exposure on AR for-
mation was evident with both temperatures of 10 ◦C and 20 ◦C but
leaf yellowing and drying was  observed with 20 ◦C [2], the dark
exposure was conducted at 10 ◦C. For a seven day dark exposure,inﬂuence of dark treatment of cuttings on photosynthesis, dry matter allocation
between shoot and roots and invertase activities and RNA accumulation in shoot
apex and stem base. Dpe indicate days post excision, dpin indicate days post inser-
tion (planting). The time points considered depended on the particular focus of the
experiment.
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.0 (Knauf Perlite GmbH, Dortmund, Germany) in plastic trays
46 cm × 28 cm × 5 cm,  not sub-divided in cells), covered with light-
ransparent plastic hoods and exposed to diurnal light conditions
n a growth chamber (settings of temperature: 22/20 ◦C day/night,
umidity: 85/60% day/night, light: 10 h day length). PPFD at plant
evel was adjusted to 100 mol  m−2 s−1. Non-treated cuttings (con-
rol) were immediately inserted in rooting trays and exposed to
rowth chamber conditions. The dark pre-exposed cuttings were
reated in the same way after the seven day dark period. The cut-
ings were irrigated daily with tap water. The trays covered with
lastic were also used as cuvettes for the CO2 gas exchange mea-
urements.
.2. Measurement of CO2 gas exchange
After insertion of petunia cuttings in perlite ﬁlled rooting
rays, continuous measurement of net CO2 gas exchange rates of
hole cuttings (control versus dark pre-exposed cuttings) were
onducted in the growth chamber using an open chamber sys-
em according to Klopotek et al. [36]. The temperature in the
uvettes was 22 ◦C during the 10-h photoperiod and 20 ◦C during
he 14-h dark period. The PPFD under the plastic hood averaged
00 mol  m−2 s−1, the CO2 concentration in the growth chamber
as adjusted to achieve a CO2 concentration of approximately
00 ppm under the plastic hood. The relative humidity of the air
n the cuvettes was approximately 85%. The CO2 gas exchange
ate during the photoperiod was interpreted as net photosynthe-
is (PN, mol  m−2 s−1) and the positive value of the gas exchange
ate during the dark phase was taken as (dark) respiration (RD,
mol  m−2 s−1) [36]. The leaf area of 64 cuttings per treatment was
easured destructively at 0 dpin and 7 dpin using a leaf area meter
I-3100 (LI-COR Inc., Lincoln, U.S.A.). Based on these data, the leaf
reas during the experimental period were estimated by linear
nterpolation.
.3. Analysis of dry matter production
The starting shoot length and fresh weight (FWE) of the eval-
ated cuttings was determined at harvest before exposure to the
ark and/or rooting conditions. For non-destructive determination
f the starting dry matter of the evaluated cuttings (DME), the per-
entage of dry matter determined in parallel batches of harvested
uttings was taken into account. Therefore, the fresh weight of par-
llel cuttings (FWP) was measured and the dry matter (DMP) was
etermined after drying in a ventilated oven at 80 ◦C for two days.
he starting dry matter of the evaluated cuttings was  calculated as
ollows:
ME = (
FWE × DMP)
FWP
able 1
rimer sequences for the invertase genes (gene identiﬁers according to Breuillin et al. [40
Gene names and identiﬁers Primer sequences 
PhINVcyt1
(cn7412)
For: AAGCAGGCCTGG
Rev: AGGGCAGATGG
PhINVcyt2
(GO  drpoolB-CL1857Contig2)
For: GATCGCAGAATG
Rev: CCTGAAGGCGTT
PhINVvac1
(cn9152)
For:  TCAGTGGCCCGT
Rev: AATTGAGCCGG
PhINVvac2
(cn6751)
For:  CCCGGAGTTGGA
Rev: TGGAGATCAGC
PhINVcw1
(cn8827)
For:  GAGTTTATCCTG
Rev: GTTATTCGTCCT
PhINVcw2
(cn8044)
For:  AAATCATCATGC
Rev: TCCAAGTTAAATnce 243 (2016) 10–22
After different periods of dark exposure and rooting under diur-
nal light, shoot length and shoot and root dry matter of treated
cuttings were determined. Dry matter production was calculated
as increase in dry matter above DME.
2.4. Extraction and activity measurement of invertases
In the ﬁrst experiment on invertase activity, samples of 0.5 cm
stem base and of shoot apex (including adjacent small leaves, total
length ca. 2 cm)  of control and dark exposed cuttings were taken at
0, 0.25, 0.5, 1, 2, 3, and 5 dpe (=dpin in case of control cuttings) and
of cuttings, which had been dark exposed for 7 days, additionally
at 0, 1, 2, 3 and 5 dpin during the subsequent rooting period under
diurnal light in the growth chamber. An additional experiment and
measurement of INVcw activity was carried out where samples of
the apex and the stem base of control and dark exposed cuttings
were taken at 0, 1 and 2 dpe. Extraction of all samples was per-
formed according to Zrenner et al. [37] with minor modiﬁcations
according to Akhami et al. [31].
The activity of INVvac and INVcyt was assayed with the sam-
ples supernatant as described by Zrenner et al. [37]. After enzyme
extraction, the remaining pellet was  used for the measurement
of INVcw [31]. Invertase activities were determined via enzy-
matic assay in microplates by measuring the extinction changes
of NADH + H+ at a wavelength of 340 nm.  Dark exposure signiﬁ-
cantly affected the protein level in the tissues (data not shown).
To avoid artefacts resulting from dark induced changes of levels of
other proteins such as Rubisco [38], the invertase activity data was
related to the fresh mass.
2.5. RNA extraction and analyses of invertase gene RNA levels
RNA was extracted from pooled shoot apices and stem bases of
the cuttings using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
followed by DNase I treatment (Qiagen) as described by Ahkami
et al. [31]. 4 g total RNA were reverse transcribed with oligo(dT)
and the M-MLV  reverse transcriptase following the protocol of
the supplier (Promega, Mannheim, Germany). Genes for calibration
were tested according to Mallona et al. [39] showing that PhTEF1˛
and PhRAN1 were most suitable for RNA accumulation analysis of
petunia cuttings (data not shown). Primers for the real-time PCR for
the invertase genes were designed using the DNAStar Primer Select
software (GATC Biotech, Konstanz, Germany) and are shown in
Table 1. Sequences were derived from the list of genes published by
Breuillin et al. [40]. Quantitative real-time polymerase chain reac-
tion (PCR) was carried out using the 7500 Fast real-time PCR System
(Applied Biosystems, Darmstadt, Germany) with the following tem-
perature program: 50 ◦C for 2 min, 95 ◦C for 10 min, 40 cycles of 15 s
at 95 ◦C and 1 min  the annealing temperature (Table 1). PCR reac-
tions were performed with three biological repeats each with three
technical repetitions. Relative RNA accumulation values were cal-
]) and annealing temperatures for real-time PCR.
Annealing temperature
AAGTTGTTG
AATAAAGTC
56 ◦C
GGTGTAT
TAGTTATT
54 ◦C
AGAAGA
GTTGAAGAT
56 ◦C
TGTTGGTATC
AGCTTCAGTGTC
54 ◦C
CTTTGGCTATC
TGGCTTCATTG
59 ◦C
TCTCACCTC
AAATCAATGC
56 ◦C
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Fig. 2. Net photosynthesis (PN) and dark respiration (RD) of petunia cuttings during
rooting as affected by dark pre-exposure of cuttings. Control: cuttings which had
been planted (inserted into the rooting substrate) after excision. Post-dark: cuttings
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ohich had been dark exposed for 7 days after excision, before planting (see scheme
n Fig. 1). Mean values and SEs per day. No signiﬁcant differences were recorded
etween the two treatments (t-test, P < 0.05, n = 8, each consisting of 16 cuttings).
ulated as 2Ct with Ct as the difference of the values obtained for
he invertase genes and the geometric mean of the two reference
enes.
.6. Statistics
All data are given as means and standard errors (SE). Statisti-
al analyses were performed using STATISTICA© 263 6.1. software
StatSoft). Data of CO2 gas exchange, dry matter production,
nzyme activity and RNA accumulation analyses were compared
etween dark treated and control cuttings by use of the t-test at
igniﬁcance level P ≤ 0.05. The same t-test was used for testing sig-
iﬁcant up- or down-regulation of invertase genes compared to
 dpe and 0 dpin.
. Results
.1. CO2 gas exchange
Considering the stimulation of root development and accumula-
ion of higher levels of carbohydrates in the rooting zone during the
rst days after dark exposure [2], the ﬁrst experiment addressed the
uestion, whether dark pre-exposure of cuttings enhances net pho-
osynthesis after planting. CO2 gas exchange of whole cuttings was
onitored for 6 days under diurnal light conditions. Control cut-ings, which were planted immediately after excision from donor
lants, were compared with cuttings which had been dark exposed
or seven days after severance before planting. Dark pre-exposure
f petunia cuttings had no effect on CO2 gas exchange (Fig. 2). Nei-ce 243 (2016) 10–22 13
ther PN nor RD rates per leaf area of dark pre-exposed cuttings
showed signiﬁcant differences compared to the control during the
whole course of the experiment. In contrast, the CO2 gas exchange
rates of the control and the dark pre-exposed cuttings remained
at initial levels without distinctive alterations during the monitor-
ing period. Similar results were determined when PN and RD were
calculated per cutting as reference parameter (data not shown).
3.2. Dry matter production and allocation between shoot and root
To elucidate whether carbon utilisation within the cutting is
altered by dark exposure, the allocation of dry matter between
shoot and root was  studied. At ﬁrst we focused on temporary dark
(0–7 dpe) and post-dark (8–16 dpe) effects compared to continuous
diurnal light (0–16 dpe) during a same period of 16 dpe, which has
been found to be sufﬁcient for attaining intensive rooting of dark
treated cuttings. Shoot dry matter of control cuttings increased sig-
niﬁcantly during the ﬁrst 7 dpe under light whilst shoot dry matter
remained unchanged within the same period under dark (Fig. 3A).
During the following period of rooting under same light conditions
from 7 to 16 dpe, control and the dark pre-exposed cuttings pre-
sented similar shoot dry matter production. Considering the overall
time course of 16 days after excision, the dark pre-exposed cuttings
produced only half of shoot dry matter as control cuttings. This
resulted from the lag of shoot dry matter production during the
dark phase. A similar relationship was found for the shoot length.
During the period of 16 days after excision, shoot length of con-
trol cuttings increased by 0.94 ± 0.11 cm,  which was  signiﬁcantly
higher than shoot length increment of 0.44 ± 0.15 cm for the dark
exposed cuttings (P ≤ 0.01, n = 4, each with 10 cuttings).
Contrasting to the strong increase in shoot dry matter (Fig. 3A),
control cuttings did not produce any roots during the ﬁrst 7 days
under light. In consequence, root dry matter remained at zero as it
was the case for the cuttings which were kept in the dark (Fig. 3C).
Root dry matter production started thereafter in cuttings of both
treatments. Considering the overall period of 16 days after sever-
ance, dark pre-exposed cuttings revealed a higher and more stable
root dry matter production than the controls, even though the dif-
ference was  not statistically signiﬁcant due to the high variation
of data of the controls (Fig. 3C). However, the root dry matter of
dark-treated cuttings was  the outcome of only 9 days of diurnal
light after excision instead of 16 days of diurnal light for the con-
trol cuttings. Nevertheless, calculation of the percentage of root
dry matter production in total dry matter production (root + shoot)
over the period of 0–16 dpe reveals a signiﬁcantly higher value of
about 8% for dark pre-exposed cuttings compared to the controls
with about 3% (Fig. 3C). This indicates that during the same time
period after excision, temporarily dark-treated cuttings allocated
a higher proportion of dry matter towards the roots than cuttings
which were planted and exposed to light immediately.
The effect of dark pre-exposure on carbon allocation became
even stronger, when control and previously dark exposed cuttings
experienced the same period of diurnal light after planting. During
a period of 9 days after planting, total dry matter production of
control cuttings (117 ± 4 mg)  was  not statistically different from the
dry matter production of dark pre-exposed cuttings (124 ± 2 mg),
which is consistent with the same photosynthetic rates determined
for both treatments. However, shoot dry matter production over the
same period indicated a slightly lower (not signiﬁcant) value for the
dark pre-exposed compared to the control cuttings and this effect
was statistically signiﬁcant after a longer cultivation period of 16
days (Fig. 3B). In contrast, dry matter production of roots, which was
generally low compared to the shoot, was signiﬁcantly enhanced
by dark pre-exposure at 9 dpin already (Fig. 3D). As a result, the
allocation of dry matter toward the roots was raised by a factor of
12 (12% of total dry matter for dark pre-treated cuttings versus 1%
14 Y. Klopotek et al. / Plant Science 243 (2016) 10–22
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Fig. 3. Dry matter (DM) production of petunia cuttings as affected by light conditions (illustrated in Fig. 1). The production of DM of the shoot (A, B) and of the roots (C, D)
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dpin)  of cuttings (B, D). Mean values and SEs are presented. Asterisks indicate a sign
f  20 cuttings). For the t-test, the percentage values of PDM were arcus-sinus-root-
f total dry matter for the control cuttings). When the cultivation
eriod was extended to 16 days, these differences were essentially
aintained. Monitoring dry matter at earlier time points in another
xperiment revealed that stimulation of root dry matter production
y dark pre-exposure does not become apparent until 3 dpin (0 mg
oot dry matter for both treatments at 3 dpin, data not shown).
.3. Activity of invertases
Our ﬁnding that enhanced AR formation in dark pre-exposed
uttings involves enhanced dry matter allocation to the rooting
one under the subsequent light period suggested an important role
f sink activity. Considering that invertase genes are strongly reg-
lated during AR formation in petunia cuttings [32], while INVcw
robably contributes to the establishment of the new sink in the
ooting zone [31], we studied the inﬂuence of dark exposure on the
ctivities of INVcw, INVcyt and INVvac. We  monitored the activities
n the shoot apex and the stem base, since both organs constitute
he two competing growth sinks in a shoot tip cutting. More-
ver, the current inﬂuence of dark treatment and the conditioning
ffect of the dark treatment on the subsequent rooting under light
ere evaluated. For this, three types of cuttings were compared:
i) control cuttings subjected to rooting conditions immediately
fter excision (control), (ii) cuttings that experienced immediate
ark storage after excision (dark) and, (iii) cuttings subjected to
ark treatment for seven days before planting and then exposed
o same rooting conditions as the control (post-dark). Invertase
ctivities were monitored over a period of 5 dpe in the control and
ark-treated cuttings and over the period of 5 dpin for the previ-r different periods after excision (dpe) of cuttings (A, C) and after insertion/planting
t effect of dark storage for the speciﬁed period (t-test, P < 0.05, n = 4, each consisting
ormed.
ously stored cuttings. For those cuttings, 0 dpin correspond to 7 dpe,
whereas in the case of control cuttings, the dpe and dpin scales are
identical (Fig. 1).
Activities of INVcyt and INVvac were on similar levels in both
organs (Fig. 4A, B, E, F). They decreased during 5 dpe in the control
cuttings, but were maintained on higher levels in both organs under
the condition of dark storage. This effect was most pronounced dur-
ing the period between 0.5 until 2 dpe. Nevertheless, when dark
treated cuttings were planted for rooting after 7 days of storage
they revealed signiﬁcantly lower activities of INVcyt and INVvac
when compared to control cuttings at the time of excision from the
donor plants and planting (“post-dark” versus “control” cuttings
at 0 dpin in Fig. 4). During the subsequent rooting under diurnal
light, control and post-dark cuttings revealed similar activities of
INVvac in both organs and of INVcyt in the apex, whereas signif-
icantly lower activities of INVcyt were found in the stem base of
post-dark cuttings compared to the control (Fig. 4A, B, E, F).
In the same experiment, the activity of INVcw in the apex
remained on similar levels during 5 dpe, for both control and dark
exposed cuttings (Fig. 4C). In contrast, INVcw activity in the stem
base of the controls increased during the 5 days of rooting under
light and from 3 dpe onwards reached signiﬁcantly higher levels
compared to the dark exposed cuttings (Fig. 4G). Interestingly, the
dark incubated cuttings revealed a transient increase of INVcw
activity, at 1 dpe reaching a level similar to the control cuttings.
Considering the large variability of the INVcw data in that exper-
iment and that INVcws are particularly important during the ﬁrst
days after cutting excision, a replicative experiment was  conducted
focusing on the period of 0 until 2 dpe but involving a higher
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Fig. 4. Activities of cytosolic invertase (INVcyt in A, E), vacuolar invertase (INVvac in B, F) and cell wall invertase (INWcw in C, D, G, H) in the shoot apex (A–D) and the
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ttem  base (E–H) of petunia cuttings as affected by light conditions (illustrated in Fig
–2  dpe. Mean values and SEs are presented. Asterisks in black or grey indicate sign
or  the indicated time point. i indicates signiﬁcant higher activity compared to 0 dp
umber of biological replicates. This experiment conﬁrmed a signif-
cant increase of INVcw activity in the stem base after 1 dpe under
oth, dark exposure and light conditions, whereas the activity in
he shoot apex was again maintained on a similar low level for
oth treatments (Fig. 4D, H). In this experiment, INVcw activity in
he stem base even further increased during the next day of dark
xposure to reach a similar level as found for the control cuttings.
evertheless, all data indicate that dark exposure of cuttings antag-
nizes a decrease in activities of INVcyt and INVvac in both sink
issues but allows for an early selective rise of INVcw activity in the
ooting zone similar to the rise observed under rooting conditions
nder diurnal light.
.4. RNA accumulation of genes coding for invertases
To elucidate, whether the observed responses of invertase activ-
ty are regulated at transcript level, we analysed RNA accumulation
f the corresponding genes in the stem base and the apex by quanti-
ative Real Time PCR. For each type of invertases, RNA levels of two
epresentative genes were measured under control, dark and post-
ark conditions. The heatmap in Fig. 5 summarizes the statistics of
egulation of the six genes in the two organs over the period of 5 dpe
s compared to 0 dpe in the case of control and dark exposed cut-
ings and over the period of 5 dpin as compared to 0 dpin in case of
ontrol and post-dark cuttings. It further shows whether there was
 current effect (dark) or downstream effect of dark exposure (post-
ark) on RNA accumulation compared to controls. Fig. 6 illustrates
he time course of the RNA levels of the respective transcripts.When compared to 0 dpe, RNA levels of the INVcyt gene PhIN-
cyt1 were in both organs of the control cuttings mainly reduced
uring the 5 dpe period (Fig. 5). Current dark exposure mitigated
he down-regulation of PhINVcyt1 as reﬂected by signiﬁcantly1: experiment considering the period of 0–5 dpe/dpin. E2: experiment focusing on
 differences between the control and the dark or post-dark treatment, respectively,
st, P < 0.05, n = 8 (E1), n = 12 (E2), each sample from two individual cuttings).
higher RNA accumulation levels when compared to control cut-
tings. This effect was observed more frequently and was  also more
pronounced in the stem base than in the apex (Fig. 5), with the
strongest difference to the control observed at 3 dpe (Fig. 6D).  RNA
accumulation of the other INVcyt gene PhINVcyt2 was  much higher
in the stem base than in the apex and there was strongly enhanced
until 3 dpe under both control and dark conditions, while lower
levels were found for the dark exposed cuttings (Figs. 5 and 6G, J).
After dark exposed cuttings were planted and exposed to diurnal
light, RNA levels of the PhINVcyt1 and PhINVcyt2 gene were mostly
lower compared to the immediately planted control cuttings (Figs.
5 and 6A, D, G, J).
RNA accumulation of the INVvac gene PhINVvac1 in the apex
remained on similar levels after excision of cuttings (Figs. 5 and
6B). However, the same gene was  signiﬁcantly down-regulated in
the stem base under control conditions. This down-regulation was
mitigated under current darkness resulting in signiﬁcantly higher
RNA accumulation levels for the dark exposed cuttings at 1 and
5 dpe (Figs. 5 and 6E). In addition, after planting of dark exposed
cuttings, the RNA level in the stem base accumulated until 1 dpin
to a signiﬁcantly higher value compared to the immediately planted
control cuttings (Figs. 5 and 6E). Furthermore, during the period of
0.25 until 1 dpe, dark exposure reduced the RNA levels of PhINVvac2
in the apex but increased the respective levels in the stem base
compared to control conditions (Fig. 5). Thereafter, the RNA of
PhINVvac2 accumulated until 3 dpe in both the apex and the stem
base of control and dark exposed cuttings (Fig. 5), while in the stem
base same high levels were reached for control and dark exposed
cuttings (Fig. 6K)
After cutting excision, RNA levels of the INVcw gene PhIN-
Vcw1 accumulated until 3 dpe in both tissues. However, generally
higher levels were attained in the stem base than in the apex
16 Y. Klopotek et al. / Plant Science 243 (2016) 10–22
Fig. 5. Inﬂuence of cutting excision and light conditions on RNA accumulation of six genes coding for cytosolic invertases (INVcyt), vacuolar invertases (INVvac), and cell wall
invertases (INVcw) in the apex (A) and the stem base (B) of petunia cuttings (treatments are illustrated in Fig. 1). Green and red squares indicate signiﬁcant down-regulation
and  up-regulation compared to 0 dpe (dpin), respectively. Plus (+) and minus (−) indicate signiﬁcantly higher and lower RNA accumulation compared to the control (t-test,
P  < 0.05, n = 3, each sample from 6 to 9 individual cuttings).
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Fig. 6. RNA accumulation levels of genes coding for invertases in petunia cuttings during a period of 5 days post excision and post insertion as affected by light conditions
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two  cell wall invertases (C, F: PhINVcw1; I, L: PhINVcw2) in the apex (A–C, G–I) and the stem base (D–F, J–L) as related to reference genes are presented (n = 3, each sample
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n  Fig. 1). M-value, log2 (RNA level-apex/RNA level-stem base). Mean values of two  
ell  wall (PhINVcw1, PhINVcw2) invertases are presented. Asterisks indicate signiﬁ
t-test,  P < 0.05, n = 3, each sample from 6 to 9 individual cuttings).
nd lower values were recorded for the dark exposed compared
o the control cuttings (Figs. 5 and 6C, F). The INVcw gene PhIN-
cw2 was expressed at very low levels in the apex but showed
 strong up-regulation in the stem base of both control and dark
xposed cuttings, peaking between 1 and 2 dpe (Figs. 6I, L). The
aximum expression reached in dark exposed cuttings was  about
0% of the maximum values attained in control cutting. Most strik-
ngly, the pattern of PhINVcw2 expression in the stem base of dark
xposed and control cuttings between 0 and 1 dpe (Fig. 6L) mir-
ors the respective response proﬁle of INVcw activity (Fig. 4H).
fter the dark treatment, the expression of PhINVcw2 in the stem
ase remained on a continuously low level during the subsequent
ooting under light.
The M-value calculated as log2 of the ratio of RNA levels
etween the shoot apex and the stem base highlighted a pref-
rential expression of four INV genes in the rooting zone under
ontrol and dark conditions and a shift of the RNA accumula-
ion ratios of three genes towards the rooting zone in response to
he dark exposure (Fig. 7). Whereas the expression of the PhIN-
cyt1 gene remained balanced between the shoot apex and the
tem base under control conditions, current dark exposure from
 dpe onwards shifted the RNA accumulation towards the rootings during a period of 7 days after excision as affected by light conditions (illustrated
lic (A, D: PhINVcyt1, PhINVcyt2), two vacuolar (B, E: PhINVvac1,  PhINVvac2) and two
ifferences between the control and the dark treatment at the speciﬁed time point
zone (Fig. 7A). In a similar way, dark exposure shifted the ratio of
expression of PhINVvac1 from a preferential apex-located expres-
sion to a balanced or even rooting zone-dominated expression
(Fig. 7B). The genes PhINVcyt2,  PhINVvac2,  PhINVcw1 and PhINVcw2
were preferentially expressed in the stem base after excision under
both control and dark conditions. In case of PhINVcw2,  expression
switched from an apex-dominated expression at harvest to a strong
rooting-zone dominated expression while this effect was slightly
more pronounced in control than in dark exposed cuttings (Fig. 7F).
However, dark exposure promoted the rooting zone-dominated
expression of the PhINVvac2 gene compared to control cuttings
(Fig 7E).
Planting and exposure of dark-treated cuttings to light again
induced a preferential RNA accumulation of most of the genes in
the rooting zone, except for PhINVvac1 (Supplemental Fig. S1).
4. DiscussionDark exposure of cuttings at reduced temperatures is an impor-
tant step in production of more than one billion young ornamental
plants per year in Europe. A better understanding of the molecu-
lar physiological processes involved should contribute to a better
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tudy  and on carbohydrate and rooting data published in Klopotek et al. [2]. Red arr
ompared to planting after excision.
nderstanding of plant plasticity and regeneration and open new
erspectives for the ﬁne tuning of production processes towards
ore efﬁcient and sustainable propagation technologies. Based on
ecent studies [2] the question was addressed, how carbohydrate
etabolism could be involved in dark-stimulated AR formation in
etunia.
.1. Role of photosynthesis and dry matter allocation in
ark-stimulated AR formation
Taking into account that the observed carbohydrate deple-
ion [2] may  enhance photosynthesis via feed-forward control, we
rstly investigated, whether dark exposure increases subsequent
et photosynthesis during the rooting under light. The CO2 gas
xchange of cuttings was monitored in a recently developed open
hamber system allowing online measurements of PN and RD on a
hole cutting basis in the non-disturbed rooting environment [36].
nterestingly, both PN and RD were on the same levels for control
nd dark pre-exposed cuttings. Furthermore, the PN levels wereips in the dark stimulation of AR formation in petunia cuttings, based on the current
dicate stimulation. Red plus signs indicate promotive effects of dark pre-exposure
similarly as high as found for intact shoots still attached to the
stock plant of the same cultivar [36]. These results clearly show that
current PN provides a substantial input of organic carbon into the
cuttings, being not altered by dark pre-exposure. Contrary to our
ﬁnding on petunia, the photosynthetic activity of Impatiens hawkeri
cuttings was  diminished by previous dark storage [41]. Photosyn-
thesis of pelargonium cuttings was  very low after dark storage
when rooting under light and temperature conditions similar to
those applied in the present study to petunia [21]. In the context
of these studies, the present results indicate a high robustness of
the photosynthetic machinery in P. hybrida ‘Mitchell’. However,
considering the strong leaf carbohydrate depletion of dark pre-
exposed cuttings at time of planting [2], the photosynthetic activity
is obviously not limited by feed-forward control under conditions
as applied in the present study.
Since net carbon assimilation of cuttings is not altered by dark
pre-exposure, we  followed the hypothesis that the enhanced AR
formation in dark treated cuttings is the outcome of selectively
higher carbon allocation towards the developing root system in
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he stem base. Considering the same time period after excision
f cuttings, analyses of dry matter production of shoots versus
oots clearly showed a higher carbon allocation to the rooting zone
f dark treated cuttings than to that of control cuttings (Fig. 3C).
he promoting effect of dark exposure on the carbon channelling
owards the rooting zone became even more apparent, when con-
rol and dark pre-exposed cuttings experienced the same period
f diurnal light after planting (Fig. 3D). Considering the total time
eriod analysed, it became also apparent that the enhanced alloca-
ion of carbon to the rooting zone in the dark pre-treated cuttings
as gained at the expense of reduced dry matter allocation to
he shoot (Fig. 3B). This reduction was only marginally related to
he generally high shoot dry matter production but nevertheless
llowed a highly signiﬁcant increase in root dry matter (Fig. 3D).
ummarizing, the data suggest that dark exposure enhances the
ink strength of the rooting zone against the upper shoot.
.2. Involvement of invertase activity and expression
Considering the important role of invertases for building up sink
trength [29–31], we monitored invertase activities and transcript
evels of invertase-encoding genes in the rooting zone and in the
hoot apex under the inﬂuence of dark exposure. It was  assumed
hat the shoot apex is the most import utilization sink in shoot
ip cuttings competing for carbohydrates with the rooting zone.
nterestingly, maintenance of higher activities of INVcyt in both the
pex and the basal stem under current darkness when compared to
iurnal light conditions was associated with higher RNA levels of
hINVcyt1 in both tissues (Figs. 4A, E and 5). However, the ﬁndings
hat the dark-stimulated RNA accumulation was more pronounced
n the stem base than in the apex (Figs. 5 and 6A, D) and that the
alance of expression was shifted towards the stem base by dark
xposure (Fig. 7A) may  indicate that this gene and the correspond-
ng enzyme have a particular function for the carbohydrate sink
n the rooting zone under darkness. Similarly, higher activities of
NVvac were maintained in both organs under darkness but were
ccompanied by higher RNA accumulation levels of PhINVvac1 and
hINVvac2 in the stem base only (Fig. 5), shifting the balance of
NA accumulation of both genes towards the stem base (Fig. 7B, E).
his may  reﬂect important functions of INVvac in dark-mediated
R formation. Even though the particular function of INVvacs in
oung utilisation sinks is less clear [42], they control cell expan-
ion by osmotic regulation [43]. It has to be considered here that
he activity of invertases measured in the whole stem base does
ot reﬂect tissue-speciﬁc responses, which may  be controlled by
he individual isoforms.
Contrasting to the soluble invertases, the activity of INVcw
howed a rooting zone-speciﬁc strong increase under both diurnal
ight and dark conditions (Fig. 4H). Furthermore, the early response
attern of activity showing a subdued but signiﬁcant rise under
arkness compared to control conditions was mirrored by the RNA
ccumulation of PhINVcw2 (Fig. 6L). In addition, RNA accumulations
f PhINVcw1 accumulated under both dark and light conditions
t 3 dpe, while much higher transcript levels were reached in the
tem base than in the apex. These ﬁndings and the observation
hat the balance of RNA accumulation of both genes was shifted
owards the rooting zone under both dark and control conditions
trongly suggest that the early rise in activity and particularly
hINVcw2 RNA accumulation might contribute to an early sink
stablishment occurring already during the dark period. Consid-
ring the already proven regulatory role of INVcw in development
f plant organs [29,30], it can be assumed that the rise in RNA accu-
ulation of INVcw-encoding genes and in corresponding enzyme
ctivity contributes to the stimulation of cell division resulting in
oot meristemoid formation observed under darkness [2]. The sink
trength of a meristem might originate from the extent of cell divi-nce 243 (2016) 10–22
sion [44]. Therefore, it is tempting to speculate that at the end of
the dark period the high number of cell divisions in the developing
root meristems drives the sink strength of the rooting zone.
4.3. Regulation of invertases
In the present study, the dark incubation of cuttings was  applied
in combination with reduced temperature of 10 ◦C. The reason is
that dark incubation at higher temperature as applied to the con-
trols causes yellowing and partial drying of leaves and production of
unusual ﬁne roots [2]. Since the promotive effect of dark exposure
on root number and length is also observed with the higher tem-
perature we  consider darkness as the primary factor, but which is
most effective in combination with the lower temperature because
exhaustion of cuttings is avoided [2]. Nevertheless, also the lower
temperature may  have inﬂuenced the observed dark responses.
Invertases are regulated at transcriptional, post-transcriptional
and post-translational level, while they are highly respon-
sive to diverse environmental signals, particularly stress factors
[42,43,45]. It has repeatedly been shown that the expression and
activity of invertases is stimulated by light and reduced under
darkness [46–48]. Some of these effects are based on a posi-
tive feed-forward mechanism, in which different invertases are
metabolically induced by glucose or other sugars [43,45]. However,
different family members of invertases show contrasting responses
to a particular stimulus and the expression of the same gene can dif-
fer markedly in various tissues [43,49]. We  have shown that during
rooting under diurnal light sugars including glucose show a tran-
sient depletion in the rooting zone until 1 dpe and then remain on
low levels until 3 dpe, while sugars decrease to even lower levels
during 7 days under darkness [2]. Regarding the complexity dis-
cussed above it cannot be excluded that the changes in invertase
expression and activity in response to excision and dark treatment
may  in part be mediated by the changed sugar levels.
The common principle, which inﬂuences the physiology of both
control and dark-treated cuttings, is the excision of cuttings from
the stock plant. This involves (1) wounding at the cutting site
and (2) isolation from the functional integrity of the whole plant,
which may  lead to temporary depletion of water and minerals in
the rooting zone [50]. Wounding has been shown to stimulate the
expression of INVcw and INVvac encoding genes in roots and leaves
of tomato [51–53]. Interestingly, wounding of leaves of the same
petunia line as used in the present study, after 2 h induced the PhIN-
Vcyt2 RNA accumulation, repressed PhINVvac2, but greatly induced
PhINVcw2 RNA accumulation by a factor of almost ten [32]. This sup-
ports the conclusion that wounding at the cutting site contributed
to the induction of PhINVcyt2 and PhINVcw2 and also to the early
repression of PhINVvac2 in the rooting zone of both control and dark
exposed cuttings. Obviously, the combination of darkness and low
temperature attenuated both, the up-regulation of PhINVcyt2 and
PhINVcw2 and the down-regulation of PhINVvac2 (Fig. 5).
Water deﬁcit in maize and wheat had mixed effects on transcript
levels of invertases obviously depending on the particular tissue
[49,54,55]. The dark treated cuttings were kept in polyethylene
bags at reduced temperature without any watering. In contrast,
control cuttings were watered daily but also exposed to other
dehydration forces resulting from the light and higher tempera-
ture. Thus, we cannot exclude that different water relations after
cutting excision have contributed to the observed responses in
invertase expression and activity. It has been shown for bean plants
that phosphate starvation can enhance the activities of INVcyt and
INVcw in leaves and roots [56]. Early induction of speciﬁc phos-
phate transporters was observed in the rooting zone of petunia
cuttings during rooting under light conditions [32]. This may reﬂect
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-deﬁciency, which may  also have inﬂuenced the rooting zone spe-
iﬁc expression and activity of invertases.
.4. Integrating model
Based on the data-set presented, on recent studies [2] and on
he basic metabolic concept of AR formation [31], a model on
he involvement of carbohydrate source-sink relationships in the
ark stimulation of AR formation in petunia cuttings is postu-
ated (Fig. 8). During the dark phase, expression of INVcw-encoding
enes, particularly of PhINVcw2 in the stem base contributes to
 local rise in INVcw activity, leading to conversion of sucrose to
exoses. These sugars regulate and feed the early cell division pro-
esses resulting in root meristemoids. The rise in INVcw activity
ontributes to the sink establishment in the rooting zone under
arkness. The sink competitiveness of the rooting zone against the
hoot is further enhanced by shifting the apex/stem base ratios of
NA accumulation of genes encoding INVcyts and INVvacs towards
he stem base. There, this probably contributes to the maintenance
f high activities of INVcyt and INVvac in particular tissues. The ear-
ier ﬁnding, that during dark exposure starch and sucrose deplete
n source leaves at 1 dpe already and that concurrently in the stem
ase high glucose and fructose levels are maintained at the expense
f sucrose [2], supports the view that during the dark phase the
nvertases use local sucrose reserves and sucrose re-translocated
rom the leaves as substrate. At the end of the dark phase, the low
ctivities of invertases indicate the end of the sink establishment
hase. Then, the high cell division activity in the already estab-
ished root meristemoids governs the sink strength. When dark
re-exposed cuttings are exposed to light, current photosynthesis
rovides synthesis of assimilates, which are partially channelled
owards the rooting zone. This results in the replenishment of sug-
rs, while a symplastic transport of sucrose provides the carbon
nﬂux (recovery and subsequent maintenance phase according to
hkami et al. [31]). Based on the same time point after planting
nd start of light exposure of cuttings (dpin scale), the cell divi-
ion driven higher sink competiveness of the rooting zone of dark
re-exposed cuttings contributes to enhanced carbon allocation to
he rooting zone and root formation when compared to cuttings,
hich did not experience dark exposure before planting. This may
e supported by a second increase in rooting zone-directed activity
Fig. 4G) and expression of particular invertase genes (Supplemen-
al Fig. S1), probably as a result of light-mediated, sugar-induced
eed-forward mechanisms.
Future studies should particularly focus on the functional role
f the gene PhINVcw2 in AR formation and its regulation by diverse
actors. Taking into account that during rooting under light the
ctivities of invertases in the rooting zone of petunia and of car-
ation cuttings were stimulated by polar auxin transport and by
uxin application, respectively [57,58], and that improved root-
ng of Eucalyptus cuttings after far-red light treatment of donor
lants was associated with concerted transcription of auxin- and
arbohydrate homeostasis-related genes [59], future studies will
lso consider, whether the dark response of invertases and of AR
ormation in petunia cuttings is mediated by a changed auxin
omeostasis and signalling.
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